We have applied local density functional theory, an ab initio quantum mechanical method, to study the shift in the spatial electron density of the substrate dihydrofolate that accompanies binding to the enzyme dihydrofolate reductase. The results shed light on fundamental electronic effects due to the enzyme that may contribute to catalysis. In particular, the enzyme induces a long-range polarization of the substrate that perturbs its electron density distribution in a specific and selective way in the vicinity of the bond that is reduced by the enzyme. Examination of the electron density changes that occur in folate reveals that a similar effect is seen but this time specifically at the bond that is reduced in this substrate. This suggests that the polarization effect may be implicated in the reaction mechanism and may play a role in determining the sequence whereby the 7,8-bond in folate is reduced first, followed by reduction of the 5,6-bond in the resulting dihydro compound.
Dihydrofolate reductase (DHFR) catalyzes the NADPHdependent reduction of folate to 7,8-dihydrofolate and of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate (1) . We have previously investigated the migration of electron density in folate on binding to DHFR (2) by using local density functional (LDF) calculations (3) (4) (5) (6) (7) (8) (9) (10) . These calculations showed an increase in o-and a decrease in ir electron density in the vicinity of the C-7=-N-8 bond of the enzyme-bound pteridine ring, the bond that is reduced, and it was postulated that these changes might be implicated in the enzyme reaction mechanism. Features of the enzyme structure determined to be responsible for this effect included a conserved motif ofthree positive residues far from the site of reduction, but adjacent to the glutamate moiety of folate. If these specific electronic changes do reflect fundamental aspects of the enzyme mechanism, it follows that a similar o-ir difference electron density pattern ought to be seen in dihydrofolate, a much better substrate, when it binds to the enzyme. In dihydrofolate, however, the N-5=C-6 bond is reduced and one would, therefore, expect to see this difference electron density pattern in the region of the N-5=C-6 bond rather than the C-7-N-8 bond. In the folate study, a o-ir difference electron density pattern comparable to that seen in the region of the C-7=N-8 bond was not seen at the N-5=C-6 bond and it is not obvious why this pattern should be induced around this bond in the dihydro compound since the environment provided by the enzyme molecule is very similar for the two ligands (see below and ref. 11). Thus, to test further the hypothesis based on our previous results and to continue exploring electronic effects that may be related to the catalytic mechanism, we have extended our study to include changes in the spatial electron density distribution of dihydrofolate on binding to DHFR.
Difference Electron Density Calculations Using LDF Theory
To explore electronic aspects of DHFR catalysis, we have applied LDF theory, an ab initio quantum mechanical method developed in physics (3) (4) (5) (6) and recently applied to chemical problems (7) (8) (9) (10) . The approach used here differs from previous theoretical studies on enzyme mechanisms (12) (13) (14) (15) (16) (17) (18) in that it focuses on the accurate calculation and analysis of spatial electron density distributions within the bound substrate molecule, using difference electron density maps to analyze enzyme-substrate interactions. To calculate the spatial electron density distribution of the substrate, both when free and when bound to the enzyme, LDF calculations were carried out with the entire substrate treated quantum mechanically. In the first calculation, the total electron density distribution was obtained for the free substrate molecule in the same conformation as when it is bound. The calculation was then repeated in the electrostatic field of the hydrated holoenzyme (enzyme plus cofactor) by incorporating the electrostatic potential due to the enzyme-cofactor complex into the Hamiltonian of the substrate. From the results ofthe two calculations, the difference electron density (bound -free) was calculated and examined with the aid of computer graphics.
Computational Details
All LDF calculations described here were carried out using the DMOL program (Biosym Technologies, San Diego). A vectorized version of the program was run on Cray Y-MP supercomputers. For the quantum mechanical calculations on dihydrofolate a numerical basis set with polarization functions, equivalent in size to a Gaussian 6-31G** basis set, was used. Dihydrofolate has 51 atoms (32 nonhydrogen), which corresponds to 543 orbitals in the representation used here (including the is orbitals on the nonhydrogen atoms, which were frozen during the calculation). The charge density of dihydrofolate used for difference electron density calculations and an atomic population analysis were computed at the level of the self-consistent LDF solution. The convergence criterion for the calculation was an rms change in density for one step (calculated over all grid points) of <0.0001 electron per Bohr3 (1 Bohr -0.53 A, a Bohr radius). In the calculation of bound dihydrofolate, the point charges at the positions of each of the enzyme, cofactor, and water atoms were included in the effective Hamiltonian for the LDF calculation as a corresponding Coulombic potential. The self-consistent LDF solution with this additional potential then gave the charge density of the bound substrate. (Fig. 1) . The effect is similar in magnitude and direction to the polarization calculated for folate (2) ( Table 1 ). In the case of folate, 0.61 unit of electron charge is shifted from the pteridine ring to the glutamate moiety, and in dihydrofolate the glutamate moiety accepts 0.53 electron charge. Direct electrostatic interactions with specific conserved protein residues give rise to z65% of the polarization, while =35% is due to electrostatic effects arising from the rest of the holoenzyme molecule (2). These specific interactions can be related to the electrostatic potential ofDHFR in solution (21) .
Changes in the Electron Density of the 7,8-Dihydropteridine Ring
Especially pronounced changes in electron density are observed in the vicinity of certain atoms and bonds of the 7,8-dihydropteridine ring system upon binding to the enzyme (Fig. 2 Left) . In particular, the overall difference electron density around N-5 and C-6 shows that this is the most The total net charge on each fragment is given, calculated by summing the individual atomic charges determined from a Mulliken population analysis (20 Fig. 1 . Significant changes can be seen in the vicinity of the N-5=C-6 bond, which is reduced on going from dihydrofolate to tetrahydrofolate. In contrast, in the case of folate, the region in the vicinity of the C-7=N-8 double bond is predominantly affected. The carbonyl oxygen of the dihydropteridine ring (0-4) in dihydrofolate also shows a significant increase in electron density, whereas 0-4 is virtually unaffected in the pteridine ring offolate. (Right) Difference electron density through the N-5=C-6 double bond in dihydrofolate and the C-7=N-8 double bond in folate in a plane perpendicular to the pteridine ring. A clear difference is revealed between the perturbation of the density in the region of the two bonds in the plane of the pteridine ring and above and below the plane.
At the o electron level, a more negative charge is developed upon binding to the enzyme, while, conversely, the ir electrons become depleted and the out-of-plane region becomes more positive.
significantly affected double bond in the dihydropteridine ring. The N-5=C-6 double bond is the bond that is reduced on going from 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate. A clear separation of the difference electron density in the vicinity of N-5 and C-6 can be observed (Fig. 2 Right) , with an increased electron density developed at the o-level, in the ring plane, while the v electron density above and below the ring plane is diminished. As Fig. 2 shows, these changes are similar to those that take place in the region of the C-7=N-8 bond in the folate system.
The major difference between the enzyme-ligand interactions of bound folate and dihydrofolate, as discussed above, is an additional hydrogen bond between the HN-8 of the dihydropteridine ring and the carbonyl oxygen of Ile-5. To determine whether this hydrogen bond is responsible for the differences between the electron density changes in the folate and dihydrofolate systems, further LDF calculations on bound dihydrofolate, with all partial charges on Ile-5 omitted, were carried out. These revealed that the electrostatic contribution ofthis hydrogen bond is not itself responsible for the difference in the selective electron density changes in the region ofthe reactive bonds in the pteridine rings offolate and dihydrofolate. Thus, the specific electron density changes of folate and dihydrofolate that take place upon binding would seem to arise through intrinsic molecular properties of the substrates in their binding conformation.
Implications for the Reaction Mechanism of DHFR and
Order of Reduction Our calculations show that in folate the charge density in the region of the C-7=N-8 bond is perturbed, resulting in an overall diminution of ir electron density and a slight increase in oc electron density. In dihydrofolate, the region around the N-5=C-6 bond is selectively influenced in the same manner. That the difference electron density pattern is seen specifically in the vicinity of the bond that is reduced in folate, and that it is then "transferred" to the bond that is reduced in dihydrofolate, strongly suggests that this effect could be significant for the reaction mechanism of the enzyme. These results, therefore, demonstrate how the electrostatic field of the enzyme may be inducing changes in the substrate that play a role in the reduction reaction.$ Furthermore, the results indicate that these effects may be involved in determining the sequence of the reactions catalyzed by DHFRs (i.e., that the 7,8-bond in folate is reduced first, followed by reduction of the 5,6-bond in the resulting dihydro compound).
Another striking feature of the difference electron density maps for dihydrofolate is the enhanced electron density at 0-4 (Fig. 2 Left) . This is especially suggestive, as it is thought that intermediate protonation at 0-4 is mechanistically important for the protonation at N-5 in the transition state of dihydrofolate (11) . Such an effect is not seen for folate, where N-5 protonation is not required for reduction.
$We had previously postulated that the changes in the cr and wr electron densities that are seen around the bonds that are reduced might correspond to a reduction in double-bond character. Preliminary analysis of overlap populations calculated to explore this qualitative assessment suggests alternative interpretations of the electron migrations. Further details of this aspect of the work will be published elsewhere.
